








UXQQLQJ WKH WZR PRWRUV XQGHU YDULRXV ORDGLQJ FRQGLWLRQV DQG 
RSHUDWLQJRXWSXWIUHTXHQF\WRRYHUDOOHIILFLHQF\RIWKH$GMXVWDEOH 





3RZHU HOHFWURQLFV LV WKH QHZ DQG RSWLPL]HG PHWKRG WR SURFHVV DQG FRQWURO HQHUJ\ IORZ E\ FRQWUROOLQJ VXSSOLHG 
YROWDJHDQGFXUUHQWV$QXSJUDGHWRDSRZHUHOHFWURQLFVFLUFXLW 
UDLVHV SHUIRUPDQFH E\ UHGXFLQJ SRZHU ORVV WKXV LQFUHDVLQJ 
HQHUJ\HIILFLHQF\ZLWKLQDSRZHUFRQYHUVLRQSURFHVV6WXGLHV 
VKRZ WKDW E\ WKH \HDU RI  DW OHDVW  RI DOO HOHFWULFDO 
ORDGV ZHUH VXSSOLHG WKURXJK 3RZHU (OHFWURQLFV V\VWHPV >@ 
7KHH[SHFWDWLRQVKRXOGEHPXFKKLJKHU LQ WKH\HDUV WRFRPH 
7KHPDLQUHDVRQRIWKHVKLIWWRZDUGSRZHUHOHFWURQLFVLVGXHWR 
WKH PRUH HIILFLHQW DQG FRVW HIIHFWLYH IHDWXUHV RI SRZHU 




)UHTXHQFLHV YROWDJH OHYHOV DQG FXUUHQW OHYHOV PD\ DOVR EH 
FRQYHUWHG DQG SURFHVVHG ZLWK SRZHU HOHFWURQLFV 3RZHU 
HOHFWURQLF GHYLFHV DUH SUDFWLFDOO\ XVHG LQ DOPRVW HYHU\ 
HOHFWULFDO V\VWHP IURP VPDOOVFDOH SRZHU GLVWULEXWLRQ V\VWHP 
IRXQG LQ SRUWDEOH GHYLFHV WR KLJK SRZHU FRQYHUVLRQ V\VWHP 
XVHGLQKLJKYROWDJH'&SRZHUWUDQVPLVVLRQ 
7KH '&WR$& FRQYHUVLRQ SURFHVV ZLWK SRZHU HOHFWURQLFV 
LVFRPPRQO\NQRZQDVWKHVZLWFKHGPRGHLQYHUVLRQKHQFHWKH 
SRZHUFRQYHUWHU LV FDOOHG VZLWFKHGPRGH LQYHUWHU2QHPDMRU 
DSSOLFDWLRQ RI VZLWFKHGPRGH LQYHUWHU LV $GMXVWDEOH 6SHHG 
'ULYHV$6'7KHLUMRELVWRFRQYHUWDFLQSXWZLWKDIL[HGUPV 








7DXILN LV ZLWK WKH (OHFWULFDO (QJLQHHULQJ 'HSDUWPHQW &DO 3RO\ 6WDWH 
8QLYHUVLW\6DQ/XLV2ELVSR&$86$HPDLOWDXILN#FDOSRO\HGX 
0 $QZDUL LV ZLWK WKH (QHUJ\ &RQYHUVLRQ 'HSDUWPHQW )DFXOW\ RI 
(OHFWULFDO (QJLQHHULQJ 8QLYHUVLW\ 7HNQRORJL 0DOD\VLD  -RKRU 
0DOD\VLDHPDLOPDNEXO#LHHHRUJ 
)UHTXHQF\ 'ULYHV 9)'V 7UDGLWLRQDOO\ PRWRUV ZHUH 
RSHUDWHGXQFRQWUROOHGUXQQLQJDWFRQVWDQWVSHHGDQGDWSDUWRU 
YDULDEOH ORDG 7KLV PHDQV WKH PRWRUV HLWKHU UXQ DW FRQVWDQW 
VSHHG E\SDVVLQJ WKH H[FHVV FDSDFLW\ RU XVH VRPH IRUP RI 
FDSDFLW\UHJXODWLRQGDPSHUVYDOYHVZKLFKLVYHU\LQHIILFLHQW 
$6'  FRQWUROV WKH PRWRU VSHHG WR  PDWFK WKH  IORZ  RU  ORDG  
UHTXLUHPHQWKHQFHWKHPRWRULQJV\VWHPLVHDVLHUWRDXWRPDWH 
PRUH HQHUJ\ HIILFLHQW DQG UHTXLUHV ORZHU PDLQWHQDQFH ,Q 
ZDWHUSXPSLQJV\VWHPIRUH[DPSOHWKHXVHRI$6'ZLOOUHVXOW 
LQDUHGXFWLRQRIXSWRIORZUHVXOWVZKLFKWUDQVODWHVWRDQ 




LW UHGXFHV WKH DJJUHJDWH UDWH RI JURZWK HOHFWULFDO ORDG DQG 
KHOSV GHIHU ODUJH LQYHVWPHQW IRU VXEVWDWLRQV DQG JHQHUDWLRQ 
7KLV UHVXOWV LQ V\VWHPV ZKLFK GHSHQG RQ SUHFLVH FRQWURO RI 
PRWRUV WKURXJK DGMXVWDEOH VSHHG GULYHV $6' DQG FRPSOH[ 













 ELOOLRQ LQGXVWU\ LQ WKH ZRUOG DQG WKH LQFUHDVLQJ WUHQG 
FRQWLQXHVVLQFH>@ 
$6'V XVLQJ SRZHU HOHFWURQLFV WHFKQRORJ\ KRZHYHU 
SRVVHVVHVVHYHUDOGUDZEDFNV,QSDUWLFXODU$6'VFDXVH3RZHU 
4XDOLW\ LVVXHV ERWK DW WKHLU LQSXW DQG RXWSXW $W WKH RXWSXW 
VLGH WKH SXOVDWLQJ RXWSXW YROWDJH PD\ FDXVH VLJQLILFDQW 
KDUPRQLFVDQGPD\LQWURGXFHDGGLWLRQDOVWUHVVHVWRWKHPRWRUV 
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FRQQHFWHGWRWKHP$WWKHLQSXWLWKDVEHHQNQRZQWKDW$6'V 
DUH VLJQLILFDQW KDUPRQLF VRXUFHV DQG WKXV PLWLJDWLQJ WKHVH 
KDUPRQLFVKDVEHFRPHFUXFLDOLQSRZHUV\VWHPV 
 7KH SRZHU TXDOLW\ LPSDFW RI D VLQJOH$6'FRQQHFWHG WR D 
VLQJOHPRWRUKDVEHHQZHOOXQGHUVWRRGDQG LWVTXDOLWDWLYHDQG 
TXDQWLWDWLYH VWXG\KDVEHHQSUHVHQWHG LQPDQ\SDSHUVVXFKDV 
>@ DQG >@ +RZHYHU RQH LPSRUWDQW XVH RI $6'V LV LQ WKH 
+9$& +HDWLQJ 9HQWLODWLQJ DQG $LU &RQGLWLRQLQJ 
DSSOLFDWLRQV VXFK DV WKRVH IRXQG LQ EXLOGLQJV ,Q WKLV 
DSSOLFDWLRQWKHUHDUHW\SLFDOO\PRUHWKDQRQHPRWRUFRQQHFWHG 
WR DQ LQGLYLGXDO $6' 7KH KDUPRQLF LPSDFW RI KDYLQJ RQH 
$6' FRQQHFWHG WR PXOWLSOH PRWRUV KDV QRW \HW EHHQ VWXGLHG 
7KLVSDSHUUHSRUWVDKDUPRQLFVWXG\WRFKDUDFWHUL]HWKHLPSDFW 
RQKDUPRQLFVDQGRYHUDOOHIILFLHQF\RIRQH$6'FRQQHFWHGWR 
WZR PRWRUV DW YDU\LQJ ORDGV $ ODERUDWRU\ VHWXS ZDV 
ZKHUHQLVWKHPRWRUVSHHGLQUSPDQG7LVWKHORDGWRUTXHLQ 
OELQDVUHDGIURPWKHG\QDPRPHWHUGLVSOD\V 
 )LJV  WR  VKRZ WKH UHVXOWV RI HIILFLHQF\ PHDVXUHPHQWV 
&RPSDULVRQV EHWZHHQ HIILFLHQFLHV REWDLQHG IURP VLQJOH DQG 
GXDOFRQQHFWLRQVDUHVKRZQLQ)LJIRU+]$6'¶VRXWSXW  
DQGLQ)LJIRU+]$6'¶VRXWSXW,WLVHYLGHQWIURPERWK 
ILJXUHV WKDW WKH HIILFLHQF\ RI VLQJOH FRQQHFWLRQ RXWSHUIRUPV 
WKRVH RI WKH GXDO FRQQHFWLRQV DW WKH WKUHH GLIIHUHQW PRWRU  
0ORDGLQJV:LWKLQWKHGXDOFRQQHFWLRQWKHPVHOYHVZHFDQ 
REVHUYH WKDW LQ JHQHUDO WKH ORZHVW ORDGLQJ \LHOGV WKH ORZHU 










WKLV VWXG\ ZRXOG SURYLGH WKH SUHOLPLQDU\ XQGHUVWDQGLQJ RQ  









)LJ  VKRZV WKH EORFN GLDJUDP RI ODERUDWRU\ VHWXS WR  
















F\   
)LJ%ORFNGLDJUDPRIODEVHWXS  6LQJOH 
 'XDO0#OELQ 7KH DGMXVWDEOH VSHHG GULYH ZDV FKRVHQ WR EH D +3 
6LHPHQV¶ 6,029(57 3 6( DQG HDFK PRWRU LV D +3 












ODWHU FRPSDUHG ZLWK WKH GXDO FRQQHFWLRQ 7R ILQG WKH 
PHFKDQLFDO RXWSXW SRZHU LQ :DWWV WKH IROORZLQJ HTXDWLRQ LV 
XVHG 










WKH $6' ZDV NHSW DW D FRQVWDQW YDOXH )RU HDFK IUHTXHQF\ 
PRWRUORDGZDVYDULHGZKLOHPRWRUORDG0ZDVNHSWDWD 
FRQVWDQW YDOXH 7KH PHDVXUHPHQWV ZHUH UHSHDWHG IRU  
GLIIHUHQWFRQVWDQWORDGLQJYDOXHVRIPRWRU0,QDOOWKUHH 
IUHTXHQFLHVRQHFRPPRQSDWWHUQWKDWLVIRXQGIURPDOOFXUYHV 
LV WKDW DERYHDSSUR[LPDWHO\PRWRU ORDGLQJ WKHKLJKHU 
ORDGLQJ RIPRWRU0JLYHVKLJKHUHIILFLHQF\ ,QWHUHVWLQJO\DW 
DERXW EHORZ  PRWRU  ORDGLQJ WKHKLJKHVW ORDGLQJGURSV 
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GUDVWLFDOO\ LQ DOO WKUHH FDVHV $W VRPH ORDGLQJ YDOXH WKH ZKLOH PRWRU  ORDG ZDV YDULHG IURP  WR  7KH 
HIILFLHQF\DW WKHKLJKHVWPRWRU ORDGLQJZLOODFWXDOO\EH OHVV PHDVXUHPHQWV ZHUH UHSHDWHG IRU IRXU IUHTXHQFLHV RI $6'¶V 
WKDQWKHUHVWRIWKHPRWRUORDGLQJ RXWSXW $OO IRXU FXUYHV LQWHUHVWLQJO\ LQWHUVHFW HDFK RWKHU DW 
DERXW  PRWRU  ORDGLQJ %H\RQG WKH  ORDGLQJ WKH  HIILFLHQF\ LVKLJKHUDW WKHIDVWHUIUHTXHQF\+]DQGORZHU
 













































         
ORDGWRUTXH  












$QDO\VLV RI WKH VLQJOH PRWRU FRQILJXUDWLRQ VKRZV WKDW 
HIILFLHQF\ LQFUHDVHV DV WKH PRWRU DSSURDFKHV IXOO ORDG 7KH 
HIILFLHQF\ LV DOVR KLJKHU ZKHQ WKH PRWRU LV RSHUDWLQJ DW WKH
 




         IUHTXHQF\LVPRYHGDZD\IURPWKHUDWHGYDOXH 
ORDGWRUTXH $QDO\VLV RI WKH GXDO PRWRU FRQILJXUDWLRQ VKRZV PRUH  
)LJ2YHUDOOHIILFLHQF\DW+]RXWSXWIRUGXDOFRQQHFWLRQVZKHQPRWRU FRPSOLFDWHGUHODWLRQVKLSVDQGUHVXOWV7KHHIILFLHQF\LQFUHDVHV 
ORDGLVYDULHGZKLOHPRWRUORDG0ZDVNHSWFRQVWDQWDWDFHUWDLQYDOXH DV WKHPRWRU DSSURDFKHV IXOO ORDG VLPLODU WR WKH VLQJOHPRWRU 
 FRQILJXUDWLRQ2QHSRLQWZRUWKPHQWLRQLQJLVWKDWZLWKUHVSHFW 
WR ORDGLQJ WKH WZR PRWRUV DW D JLYHQ IUHTXHQF\ WKH UHVXOWV 
VXJJHVW WKDW WKHKLJKHU ORDGLQJRIRQHRI WKHPRWRUVGRHVQRW 
JXDUDQWHH WKH PRVW HIILFLHQW RSHUDWLRQ RI WKH GULYHPRWRU 
V\VWHP ,W ZDV IRXQG WKDW EHORZ DW DURXQG  ORDGLQJ RI 
PRWRU  RYHUDOO HIILFLHQF\ VXIIHUV ZKHQ PRWRU  LV KHDYLO\ 
ORDGHG  PRWRU  ORDGLQJ WXUQHG RXW WR EH WKH SRLQW RI 
LQWHUHVWDVZHOOZKHQLWFRPHVWRFKDUDFWHUL]LQJHIILFLHQF\ZLWK 




























FXUYHV ZHUH REWDLQHG ZKHQ PRWRU ZDV ORDGHGDW OELQ 
PHDVXUHPHQWV RI WKH WRWDO KDUPRQLF GLVWRUWLRQ 7+' RI WKH 
LQSXW FXUUHQW WR WKH $6' 7KH HIIHFW WKDW LV RI LQWHUHVW KHUH 
ZRXOGEHZKHWKHURUQRWWKHXVHRIWZRPRWRUVXQGHURQH$6' 
LPSDFWV WKH OHYHO RI KDUPRQLFV SURGXFHG E\ WKH GULYHV 
,QIRUPDWLRQREWDLQHGIURPVXFKVWXG\ZLOOEHXVHIXOLQIXUWKHU 
GHWHUPLQLQJWKHVL]HRIOLQHUHDFWRUQHHGHGIRURQHGULYHGXDO 
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PRWRU DSSOLFDWLRQV )LQDOO\ DQRWKHU LQWHUHVW ZRXOG EH WR 




>@	 1 0RKDQ 7 8QGHODQG DQG : 5REELQV 3RZHU (OHFWURQLFV 
&RQYHUWHUV$SSOLFDWLRQVDQG'HVLJQUGHGLWLRQ -RKQ:LOH\	6RQV 
S 
>@	 $ 7 GH $OPHLGD )-7( )HUUHLUD DQG ' %RWK ³7HFKQLFDO DQG 
HFRQRPLFDO FRQVLGHUDWLRQV LQ WKH DSSOLFDWLRQ RI YDULDEOH VSHHG GULYHV 
ZLWK HOHFWULF PRWRU V\VWHPV´ LQ 3URF  ,((( ,QGXVWULDO DQG 
&RPPHUFLDO3RZHU6\VWHPV7HFKQLFDO&RQIHUHQFH,VVXH0D\SS 
± 
>@ 9+\YDULQLQ DQG -30DNLQHQ ´'LJLWDO'ULYH6\VWHPVZLWK9DULDEOH 
6SHHG$&0RWRUV´$%%5HYLHZSS 
>@ 2QOLQH'ULYHV0DJD]LQHKWWSZZZGULYHVPDJFRP 
>@ $ =REDD ³+DUPRQLF SUREOHPV SURGXFHG IURP WKH XVH RI DGMXVWDEOH 
VSHHG GULYHV LQ LQGXVWULDO SODQWV FDVH VWXG\´ LQ 3URF  WK 
,QWHUQDWLRQDO &RQIHUHQFH RQ +DUPRQLFV DQG 4XDOLW\ RI 3RZHU ,VVXH 
6HSWSS± 
>@	 $. :DOODFH 5 6SHH DQG /* 0DUWLQ ³&XUUHQW KDUPRQLFV DQG 







6WDWH 8QLYHUVLW\ LQ 6DQ /XLV 2ELVSR &DOLIRUQLD 86$ 
VWXG\LQJ (OHFWULFDO (QJLQHHULQJ ZLWK DQ HPSKDVLV LQ 
SRZHUHQJLQHHULQJ+HJUDGXDWHGIURP&DO3RO\LQ-XQH 
 ZLWK D %DFKHORU RI 6FLHQFH GHJUHH LQ (OHFWULFDO 
(QJLQHHULQJ +H LV FXUUHQWO\ ZRUNLQJ DV DQ HOHFWULFDO 




6KHUPDQ 7X VWXGLHG HOHFWULFDO HQJLQHHULQJ ZLWK SRZHU HQJLQHHULQJ DV KLV 
DUHD RI FRQFHQWUDWLRQ DW &DOLIRUQLD 3RO\WHFKQLF 6WDWH 8QLYHUVLW\ 6DQ /XLV 




7DXILN 0¶ 60¶ ZDV ERUQ LQ -DNDUWD 
,QGRQHVLD +H UHFHLYHG KLV %6(( GHJUHH ZLWK PLQRU LQ 
&RPSXWHU6FLHQFH IURP1RUWKHUQ$UL]RQD8QLYHUVLW\ LQ 
+HWKHQFRQWLQXHGKLVVWXG\DQGUHFHLYHGKLV06 
GHJUHH LQ(OHFWULFDO(QJLQHHULQJ DQG&RPSXWHU6FLHQFH 
IURP WKH 8QLYHUVLW\ RI ,OOLQRLV DW &KLFDJR LQ  
)ROORZLQJWKLVKHVSHQWRQH\HDUZRUNLQJDVDUHVHDUFK 
DVVLVWDQW DW WKH 0LFURHOHFWURQLFV)DEULFDWLRQV ODE DW WKH 
8QLYHUVLW\ RI ,OOLQRLV DW &KLFDJR EHIRUH SXUVXLQJ KLV 'RFWRUDO GHJUHH LQ 
HOHFWULFDO HQJLQHHULQJ DW &OHYHODQG 6WDWH 8QLYHUVLW\ ZKLFK KH UHFHLYHG LQ 
6LQFHWKHQ'U7DXILNMRLQHGWKH(OHFWULFDO(QJLQHHULQJ'HSDUWPHQWDW 
&DOLIRUQLD 3RO\WHFKQLF 6WDWH 8QLYHUVLW\ LQ 6DQ /XLV 2ELVSR ZKHUH KH LV 
FXUUHQWO\DQ$VVRFLDWH3URIHVVRU 
'U 7DXILN KDV KDG LQGXVWULDO H[SHULHQFH ZRUNLQJ ZLWK HQJLQHHULQJ 
FRPSDQLHV VXFK DV &DSVWRQH 0LFURWXUELQH 3LFNHU ,QWHUQDWLRQDO FXUUHQWO\ 
3KLOLSV 0HGLFDO 6\VWHP $OOHQ%UDGOH\ 5RFNZHOO $XWRPDWLRQ 5DQWHF 
3RZHU 6\VWHPV 6DQ 'LHJR *DV 	 (OHFWULF DQG $3' 6HPLFRQGXFWRU 










0DNEXO $QZDUL 6¶0¶ ZDV ERUQ LQ 
3RQWLDQDN ,QGRQHVLD+H UHFHLYHG WKH%(QJGHJUHH LQ 
(OHFWULFDO(QJLQHHULQJ IURP8QLYHUVLW\RI7DQMXQJSXUD 
,QGRQHVLD LQ  WKH 0(QJ GHJUHH LQ HOHFWULFDO 
HQJLQHHULQJ IURP %DQGXQJ ,QVWLWXWH RI 7HFKQRORJ\ 
,QGRQHVLD LQ  DQG WKH 'U(QJ GHJUHH IURP 
1DJDRND8QLYHUVLW\RI7HFKQRORJ\-DSDQLQ 
)URP  WR  KH MRLQHG WKH (OHFWULFDO 
(QJLQHHULQJ 'HSDUWPHQW DW 8QLYHUVLW\ RI7DQMXQJSXUD ,QGRQHVLDZKHUH KH  
ZDV D /HFWXUHU &XUUHQWO\ KH LV D /HFWXUHU DW WKH 'HSDUWPHQW RI (QHUJ\ 
&RQYHUVLRQ )DFXOW\ RI (OHFWULFDO (QJLQHHULQJ 8QLYHUVLWL 7HNQRORJL 
0DOD\VLD 
'U $QZDUL LV D PHPEHU RI WKH ,((( 3RZHU (QJLQHHULQJ DQG ,QGXVWU\ 
$SSOLFDWLRQ6RFLHWLHV 
 
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